This study was undertaken to determine the feasibility of caustic and heat treatment of sludge from a dry anaerobic reactor (DAR) with respect to increased methane production and solids destruction. The DAR was operated semi-continuously at 55 8C on sized-reduced municipal solid waste at a solids retention time of 15 days. A respirometer was employed to monitor the extent and rate of methane production from anaerobic biodegradation of DAR sludge that was treated with caustic and heat. Results indicate that caustic and heat treatment at 50 8C and 175 8C increased methane production by 22% and 52%, respectively. Also, volatile solids destruction increased from 46% to 58% and 83%, respectively. Based on these results, economic analysis for a full-scale 10 5 kg/d facility suggests that annual project revenue for 50 8C and 175 8C treatment is estimated at $21,000 and $445,000, respectively.
Introduction
Whereas anaerobic digestion (AD) of municipal solid waste (MSW) is an established technology in Europe, there are currently no full-scale AD facilities treating MSW in the US. This is due to relatively inexpensive landfill fees and lack of an energy policy that recognizes MSW as a resource rather than a waste material. Considering the increase in amount of MSW generated every year and public resistance towards siting new landfills, in-vessel anaerobic treatment of MSW offers a better future for MSW treatment in the US. However, the economic efficiency must be maximized for an AD system to compete with landfilling in many regions of the US. Therefore, heat and caustic treatment of MSW was investigated to potentially increase methane production and solids destruction. The technical and economic impact of heat and caustic treatment are reported in this paper.
MSW is difficult to degrade due to its high content of ligno-cellulosic materials. When subjected to anaerobic treatment, some material is easily biodegraded and a significant amount of residue is obtained from this treatment. If reactor residue (sludge) has no beneficial use, it must be disposed of properly and this adds to the cost of MSW management. In order to improve the efficiency of degradation, the recalcitrant material in MSW should be rendered more biodegradable. Compared to MSW, the sludge from an anaerobic reactor is much lower in quantity; therefore, treatment of the sludge (instead of the entire MSW stream) would be more efficient. Therefore the work described herein focused on treatment of sludge from a dry anaerobic reactor rather than MSW. Post-treating the recalcitrant sludge is more economical by minimizing chemical consumption and capital costs for reactor volumes. A potential full-scale system would treat DAR sludge with heat and caustic and this treated material would be recycled (after pH adjustment) and blended with MSW and inocula as feed to the DAR.
A conceptual diagram of this proposed system which would employ post-treatment of DAR sludge is shown in Figure 1 .
Increased degradability would reduce the net residual sludge that must be managed and would increase unit methane production. The economic feasibility of such a system would be determined by comparison of capital and operational costs for heat and caustic treatment with revenue from increased methane production and solids destruction.
Literature review
Ligno-cellulosic materials are resistant to hydrolysis due to the crystalline structure of cellulose and the presence of lignin. Various mechanical, physical and chemical pre-treatment methods (Lorenz and Johnson, 1972; Fan et al., 1982; Krochta et al., 1984; Sakaki et al., 1996; Torget et al., 1996; Hartmann et al., 2000; Palmowski and Muller, 2000; Schieder et al., 2000; Fox et al., 2003) have been studied previously to improve the enzymatic susceptibility of these materials. Azuma et al. (1984) indicated that thermal treatment of ligno-cellulosic material in the presence of water tended to release acetic acid; the acetic acid release promotes hydrolysis of lignin and hemi-cellulosic carbohydrates and has been designated as autohydrolysis. Also, Millet et al. (1975) , Pavlostathis and Gossett (1985) and Patel et al. (1993) demonstrated the use of alkaline treatment for solubilization of ligno-cellulosic materials. Thus, the efficiency of the anaerobic digestion process can be enhanced by improving the rate of the sludge hydrolysis by using physical and/or chemical pretreatment processes. Fox et al. (2003) described two alkaline semi-continuous processes for the conversion of refractory organic materials into biodegradable substances using newsprint as lignocellulosic waste. Delgènes et al. (2000) studied the effect of thermo-chemical treatment on anaerobic digestion of solid wastes using sodium hydroxide. They found optimum conditions for chemical oxygen demand (COD) solubilization at pH of 12 and at 140 8C for 30 minutes. Under these conditions, 70% COD solubilization was observed; however, based upon methane production, the biodegradability of pretreated substrate did not improve and remained at 40%. Gossett (1976) studied the biodegradability of caustic and heat-treated municipal refuse over a temperature range of 25-225 8C and reported maximum degradability at 200 8C and pH 13. Studies by Sawayama et al. (1996) , Penaud et al. (2000) , Tanaka and Kamiyama (2002) , and Heo et al. (2003) reported significant SCOD release from activated sludge over a wide temperature range of 25 -175 8C. Penaud et al. (2000) investigated the influence of pH, temperature and pretreatment time on COD solubilization and biodegradability of microbial biomass. They observed optimum conditions for COD solubilization to be pH 12 at 140 8C for 30 minutes with 70% COD solubilization. Biodegradability tests revealed that in all pretreatment conditions, the anaerobic biodegradability of the pretreated substrate was limited. and Swanick (1977) observed the formation of refractory compounds from treatment of sewage sludge above 180 8C. Also, work by Haug (1977) concluded that 175 8C was the upper limit before digestion was inhibited, presumably due to formation of inhibitory or refractory chemicals. Stuckey and McCarty (1984) found that waste activated sludge biodegradability increased with increasing pretreatment temperature up to a maximum at 175 8C and this resulted in an increase in methane production of 27%. At higher temperatures, the biodegradability decreased sharply. It was presumed that formation of toxic compounds caused decreased biodegradability above 175 8C. Gossett (1976) applied caustic and heat treatment to municipal refuse over a dosage ratio of 0 to 0.8 g NaOH/g dry solids. Results indicated that above a dose of 0.4 g NaOH/g dry solid, increases in SCOD were insignificant; also, biodegradability was highest after pretreatment at pH above 13. Penaud et al. (1999) studied the influence of sodium hydroxide addition during thermo-chemical pretreatment of a microbial biomass in terms of COD and anaerobic biodegradability. COD solubilization reached 63% when 5 g NaOH/L was added. Higher sodium hydroxide addition (26.1 g/L) led to 85% COD solubilization when heated to 140 8C for 30 minutes. However, methane production decreased when more than 5 g NaOH/L was added. Speece (1996) suggested an inhibitory concentration (IC 50 ) of sodium of 7,400 mg/L Na þ for methanogens. Kim et al. (2000) studied the effect of particle size and sodium concentration on anaerobic thermophilic food waste digestion. They observed that up to a concentration of 5 g/L Na þ , no inhibition was observed; however, above 5 g/L Na þ , decreased methane production was observed. Penaud et al. (1999) also indicated the inhibitory effect of NaOH concentration beyond 5 g/L NaOH on degradability of biomass; however, the inhibition was attributed to OH 2 rather than the Na þ concentration.
Methods
A 4-litre dry anaerobic reactor (DAR) was operated for over one year at 55 8C on sizedreduced MSW (from Cobb County Solid Waste facility in Georgia, US). MSW was obtained from Cobb County to employ a more authentic and homogenous substrate than could be had locally.
Every second day, 530 mL of sludge was removed from the 4-litre DAR reactor to achieve a 15-day solids retention time (SRT). Routine analysis of the DAR included total biogas production, percent methane in biogas, percent total solids (TS) and percent volatile solids (VS) in sludge and MSW, COD of MSW, volatile fatty acids, and pH of the reactor. Sustained daily unit methane production of similar magnitude occurred before sludge sampling and this was defined as steady-state performance for the purpose of this project. Volatile solids (VS) served as the basis to calculate the amount of MSW fed to the DAR. The mass of volatile solids to be fed to the reactor was based on the mass of VS wasted plus the mass of VS destroyed. The VS destroyed was calculated from methane production based on analysis of MSW (%TS, %VS, and COD) and the COD equivalent of methane (0.421 L/g COD at 55 8C) (Speece, 1996) .
A tipping meter was employed to measure total gas production. To determine percent methane, a gas chromatograph (Hewlett Packard, Model 6890) equipped with 20 cm £ 0.64 cm stainless steel 60/80 Carbosieve G column (Supelco) and a thermal conductivity detector were employed. Nitrogen served as the carrier gas, the oven temperature was isothermal at 150 8C and the injector and detector temperatures were 200 8C. A gas-tight syringe with locking valve was used to obtain a 0.3 mL sample of biogas from the DAR for GC analysis. Standard methane samples were run in triplicate by injecting 0.3 mL of pure methane and measuring the corresponding peak area from the GC.
Methane content in reactor gas was determined by comparison of peak areas of reactor samples with those of samples from methane standards.
Percent total solids (TS) and volatile solids (VS) were measured for both the feed MSW and the DAR sludge wasted from the reactor. TS was determined by drying the sample at 103 8C for 24 hours; the dried sample was ashed at 550 8C for one hour to determine VS. COD of MSW was measured to evaluate the unit methane production on a COD basis as well as the MSW required for each feeding. COD analysis was completed on every new batch of MSW. The procedure for COD measurement involved dilution of 50 g of MSW (or DAR sludge) to 1 litre with reverse osmosis water. The diluted MSW was homogenized in a commercial blender and 5 mL of sample was diluted as needed prior to transfer to a COD ampule according to the closed reflux test as described in Standard Methods (1995).
To determine the optimal caustic concentration, 100 g aliquots of sludge were mixed with 200 mL of various NaOH solutions (0 -8 N) for 30 minutes and the corresponding SCOD of samples was measured. Results indicated that at NaOH concentrations above 1N to 2N, there was no significant increase in SCOD. Respirometry was subsequently employed to determine if the solubilized organics were indeed more easily biodegraded.
NaOH-treated sludge samples were subsequently diluted in basal salts media prior to inoculation, and a concentration of 2N NaOH was employed. The 2N NaOH solution yielded a ratio near 0.4 g NaOH/g dry solids and pH above 13, similar to that of Gossett (1976) . After dilution with basal media, anaerobic biomass was actually exposed to 0.125N NaOH, which is equivalent to the 5 g/L concentration above which inhibition was observed by others.
A 450-mL pressure vessel (Parr Instrument Co.) was used for heat/caustic treatment. The vessel was designed for a maximum operating temperature of 200 8C due to the temperature limitation of a Teflon sample cup. This study was therefore performed over a range of 25-200 8C. After samples were cooled to room temperature, the pH was recorded and concentrated hydrochloric acid was added to pH 7.0. Samples were subsequently collected for SCOD, TCOD, %TS, and %VS analysis and the remaining sludge served as substrate in respirometer bottles.
A Challenge AER-200 respirometer was used for the study. Respirometer bottles were first prepared by anaerobic transfer of basal salts media (BSM), which contained (g/L): NH 4 Cl (0.20), K 2 HPO 4 .3H 2 O (0.10), KH 2 PO 4 (0.055), MgCl 2 .6H 2 O (0.20), resazurin (0.001), FeCl 2 .4H 2 O (0.10), Na 2 S.9H 2 O (0.50), NaHCO 3 (5.0), and 10 mL/L trace metal solution comprising (g/L) MnCl 2 .4H 2 O (0.10), CoCl 2 .6H 2 O (0.17), ZnCl 2 (0.10), CaCl 2 (0.20), H 3 BO 4 (0.019), NiCl 2 .6H 2 O (0.05), and Na 2 MoO 4 .H 2 O (0.10). A mixture of N 2 /CO 2 (70%/30%) was employed for purging to insure anaerobic conditions during preparation of the BSM.
Ingredients for respirometer bottles included DAR sludge (substrate), anaerobic microbial culture (inocula from the DAR), and basal media. Endogenous control bottles (containing only BSM and microbial culture) were prepared to indicate methane production due to endogenous decay. "Untreated control" bottles (containing BSM, microbial culture and untreated sludge) were employed to indicate baseline methane production from untreated sludge. Various heat-and caustic-treated sludge bottles (containing BSM, microbial culture and treated sludge) were prepared. Triplicate bottles of each treatment were employed and average results from replicates are reported herein. For some treatments, results from a replicate were eliminated due to results that disagreed considerably with the remaining two replicates. Subsequent testing indicated that eliminated bottles performed poorly due to microbial "shock" which occurred while transferring the anaerobic culture to the respirometer bottles. This phenomenon has been observed by others during respirometer use (Young, 2004) . Whereas each "treated" bottle received 20 mL of treated DAR sludge, because of the heterogeneous nature of the sludge sample, it is expected that the actual COD added to replicates varied somewhat.
Constituents were added to respirometer bottles under N 2 /CO 2 purge to maintain anaerobic conditions. Bottles were placed in a water bath at 55 8C and gas production was monitored continuously by the respirometer. Respirometer runs were stopped when the instantaneous methane generation rate approached a stable value near zero. In addition to the endogenous and untreated controls, bottles were prepared with sludge that had been treated with NaOH at the following temperatures: 25 8C, 50 8C, 100 8C, 150 8C, and 200 8C.
During heat treatment, the operating pressure ranged from 0 psig (for 25 8C and 50 8C treatment) to 150 psig (for 175 8C and 200 8C treatment). A pressure vessel would therefore be required for full-scale application of high-temperature caustic treatment.
Results and discussion
Over 170 days of dry anaerobic reactor operation, an average of 57% methane in biogas was observed. The average unit methane production was 0.27 m 3 CH 4 /kg VS which is in agreement with observations reported by Mata-Alvarez et al. (1993) and Pavan et al. (2000) .
Studies performed during the respirometer run focused on the measurement of methane production from DAR sludge samples with and without treatment. The overall average cumulative methane production from all treatments is depicted in Figure 2 . These results were supplemented with TCOD, SCOD, %TS, %VS, ammonia, lignin, and cellulose analysis of treated sludge samples.
Comparison of initial methane production over the first 40 hours suggests that the 200 8C treatment was inhibited. Some acclimation is evident thereafter; however, ultimate methane production by the 200 8C treatment was considerably less than the 175 8C treatment.
Net methane production was obtained by subtracting average cumulative methane by the endogenous control from that of treated samples. Then, based upon net methane production and COD content, the average unit methane production was calculated and is depicted in Figure 3 . The incremental increase in unit methane (from 32 to 132 mL/g COD) with increased temperature is evident, up to 175 8C. From 175 8C to 200 8C, unit methane production decreased to 93 mL/g COD at 200 8C. This is likely due to formation of inhibitory compounds, as suggested by others (Brooks, 1970; Gossett, 1976; Fisher and Swanick, 1977; Haug, 1977; Stuckey and McCarty, 1984; Takashima et al., 1996) . Figure 3 also shows a steady increase in soluble COD with increasing temperature. Despite the constant increase (from 0.15 to 0.47 g/g TS) in SCOD with temperature, respirometer data suggests that increased solubilization of organics cannot solely be employed to infer biodegradability. Additional results indicate that heat and caustic treatment had little effect on TCOD, %TS, %VS, lignin, and ammonia (data not shown). However, an incremental decrease in cellulose (from 0.47 to 0.15 g/g TS) with increasing temperature was observed.
For all samples (except 25 8C) subjected to heat and caustic treatment, the unit methane production was higher than the untreated control. This indicates that caustic and heat treatment did improve the biodegradability of DAR sludge. 50 8C treatment provided an average net unit methane production of 49 mL/g COD. This represents a 200% increase over the endogenous control (16 mL/g COD). At 175 8C, the average net unit methane production (132 mL/g COD) represents an increase of 725%.
Economics of heat and caustic treatment
An economic analysis was completed for a potential full-scale (10 5 kg/d) DAR system with sludge post-treatment at either 50 8C or 175 8C. The 175 8C treatment would involve higher cost for heating, but would produce higher amounts of methane. Alternately, 50 8C operation would provide comparatively less methane but would cost less from an operational perspective. Equipment costs were limited to items needed for caustic and heat treatment, plus incremental increases in DAR volume to accommodate treated sludge. Costs for the actual DAR and related equipment (recirculation pump, etc.) are common to all alternatives and were, therefore, not considered. Capital costs included equipment, construction, and engineering fees, whereas operational costs included chemicals, labor, energy (required and produced), and maintenance. Revenue from methane and landfill capacity savings (from destroyed solids) was compared to total annual operational costs and annual equivalent project costs. Incremental equipment costs for the 50 8C and 175 8C options were estimated at $753,000 and $851,000, respectively. Incremental increases in DAR volume and plate-and-frame filter presses accounted for approximately 80% of equipment costs, whereas the remainder was due to small tanks (1,600-10,000 litre) for heat/caustic reaction, pH adjustment, NaOH and HCl storage. A plate-and-frame filter press was included to recover caustic and thereby minimize the daily caustic demand. Total project costs were calculated from the sum of equipment, installation (50% of equipment), and contingency costs. A contingency of 40% of the installed cost was included to reflect the level of precision for a conceptual-level project; this is a typical procedure for cost estimates by engineering professionals. For the 50 8C and 175 8C options, the total project cost was estimated at $1,976,000 and $2,234,000, respectively, whereas the equivalent annual cost (based on 20 years and 5% interest) was determined to be $159,000 and $179,000, respectively. Operational costs included chemicals (NaOH and HCl), labor, reactor heating, maintenance, and power. Total operational costs for the 50 8C or 175 8C options were estimated at $233,000 and $712,000 per year. Heating of the caustic reactor represents 45% (50 8C treatment) and 80% (175 8C treatment) of these costs.
Revenue from the incremental methane produced from heat/caustic treatment is based on the calorific value of 9.95 kW-h/m 3 and electricity cost of $0.06/kW-h. Savings from decreased sludge disposal are calculated from the annual equivalent landfilling rate of $64/ton (based on a local fee of $42/ton, 5% annual increase, for 20 years). Incremental methane production from heat/caustic treated sludge of 0.05 m 3 /kg VS (at 50 8C) and 0.12 m 3 /kgVS (at 175 8C) was based on respirometer data. This translates to 720 m 3 CH 4 /d (at 50 8C) and 1,728 m 3 CH 4 /d (at 175 8C) for a 10 5 kg/d facility. Incremental full-scale VS destruction of 1,100 kg/d (at 50 8C) and 7,700 kg/d (at 175 8C) was calculated from methane production. Heat and caustic treatment was determined to increase the VS destruction from 46% (no sludge treatment) to 58% (at 50 8C) and 83% (at 175 8C). Incremental annual savings for 50 8C or 175 8C treatment were estimated from methane production ($157,000 and $377,000, respectively) and decreases in sludge disposal to a landfill ($263,000 and $1,002,000, respectively). Annual project revenue of $28,000 (at 50 8C) and $448,000 (at 175 8C) is estimated by subtracting annual equivalent project costs and operational costs from methane and landfill savings.
Conclusions
Heat (25-175 8C) and caustic treatment (2N NaOH) of sludge from a dry anaerobic reactor achieved incremental increases in soluble COD. Increased unit methane production was observed with increased temperature, up to 175 8C. Respirometer data indicated that treatment of sludge at 200 8C resulted in anaerobic culture inhibition. For a full-scale DAR system treating 10 5 kg/d MSW with sludge heat/caustic treatment, annual project revenue for 50 8C and 175 8C treatment is estimated at $28,000 and $448,000, respectively. Annualized project costs are offset partially by methane revenue; however, landfill capacity savings are the major factor. Therefore, total project revenue for heat/caustic treatment is sensitive to the local landfill tipping fee. A minimum tipping fee of $60/ton is necessary for a 50 8C system to break even, whereas a minimum fee of $35/ton will break even for a 175 8C system (due to increased solids destruction). However, if a beneficial use is identified for residual sludge from the system, project revenues would be greater than those reported herein.
